Understanding the interactions between photoexcited charge carriers (electrons and holes) with lattice vibrations (phonons) in quantum confined semiconductor nanocrystals (NCs) is of fundamental interest and a prerequisite for their use in fabricating high-performance optoelectronic devices. Such interactions have a significant impact on their optoelectronic properties including their charge carrier mobility and photoluminescence. Here, we investigate these interactions in cesium lead halide (CsPbX 3 , where X is Cl, Br or I) NC perovskites. We show that a wide broadening of the excitonic linewidth in these NCs arises from strong exciton-phonon coupling, which is substantially dominated by longitudinal optical phonons via the Fröhlich interaction. Unlike the behavior of conventional semiconductors these NCs display a general red-shift of their emission energy peak with reducing temperature. Interestingly, the CsPbCl 3 NCs also display an initial blue-shift and undergo at structural phase transition at ~175 K to 200 K. The anomalous red-shift observed is modeled and analyzed using a Bose-Einstein two-oscillator model to interpret the interaction of excitons with acoustic and optical phonons which induce a renormalization of the bandgap. The net renormalization due to zero point motion (T= 0 K) was found to be ~41.6 meV and ~94.9 meV for CsPbBr 3 and CsPbI 3 NCs respectively.
Introduction
Semiconductor colloidal nanocrystals (NCs), wherein the NC dimensions are comparable to the de Broglie wavelength of the charge carriers, have attracted considerable interest during the past decade as they exhibit size tunable optoelectronic properties due to quantum confinement. Fundamental studies of their properties have led to their successful application in a variety of devices including photovoltaic cells, [1] photodetectors [2] and light emitting diodes. [3] A new addition to the library of semiconductor NCs are the recently reported cesium lead halide perovskites (CsPbX 3, where X is Cl, Br or I). [4] Like other types of semiconductor NC, one of their most compelling optical properties is their size-tunable photoluminescence (PL) across the entire visible (400-700 nm) spectrum and beyond into the near infrared (NIR). This can be achieved chemically through control of the halide ion, and also via varying the NC size below the bulk exciton Bohr diameter (CsPbCl 3 ~5 nm, CsPbBr 3 ~7 nm and CsPbI 3 ~12 nm). [4] In addition, they display a narrow and bright emission with PL quantum yields of ~80-90% leading to their recent use in light emitting devices [5] and the demonstration of amplified spontaneous emission. [6] Though, as recently reported, their poor performance in light emitting device applications originates from an efficient bi-exciton interaction meaning further work is required. [7] To date, the majority of the reported work on these NCs has focused on their synthesis and device applications. Recently, attention has turned to study their quantum confined optical properties including the investigation of the origin of their high PL quantum yields. [7] [8] [9] The choice of semiconductor material for use in an optoelectronic device is principally based on its bandgap energy and the device performance is governed by the nature of photogenerated excited states: their binding energy or diffusion length, interaction with phonons and their relaxation or charge carrier extraction mechanism. In both bulk hybrid organic-inorganic perovskites (e.g. methylammonium/formamidinium -MA/FAPbX 3 ) and inorganic CsPbX 3 perovskites, the anomalous red-shift of bandgap energy with the reduction in temperature [10] [11] [12] and also the nature of excited carriers is unclear and often argued. [13] Recent insight into hybrid perovskites on their underlying physics through temperature dependent studies of PL emission has been reported, [10, 11, [13] [14] [15] [16] though the interaction between the excitons and acoustic phonons have also been observed. [22, 23] Very recently, significant insight has been provided in this context through a combination of ab initio simulation studies and inelastic neutron scattering experiments on PbS NCs. [22] The study revealed that unlike in bulk crystals, where electronic transitions mainly occur via high energy optical phonon interactions, in NCs a high density (~200) of low energy acoustic phonons (from Pb surface atoms) are also heavily involved that drive multi-phonon transitions. Additionally, it was observed that the phonon density of states and mean square displacement of atoms were not modified by a change in NC size.
With the recent emergence of all inorganic CsPbX 3 NCs for light emitting devices it is of great interest to study the temperature dependence of their optical properties and in particular PL emission.
Here, we therefore investigate exciton-phonon interactions in these NCs via examining their steadystate PL emission spectra measured over a range of temperatures (T = 300 K-5 K). In doing so, we elucidate the photophysics of their excited states, thermal broadening of their PL emission, and the anomalous red-shift of their bandgap with decreasing temperature.
Result and Discussion
CsPbX 3 NCs were synthesized following a previously reported experimental procedure as described in the Supporting Information. [4] The room temperature optical absorption and PL emission spectra, [26, 27] method and more recently using an ab initio approach. [4] The former model reveals that the upper valence band state is of a mixed character of halide np and Pb 2+ (6s) orbitals whilst the latter reveals that valence band state is predominantly formed from halide ion states (Cl -(3p), Br -(4p) and I -(5p)), with both models predicting the lower conduction band arising from Pb 2+ (6p) states. A direct bandgap minimum is found at the R-point in the Brillouin zone that is twofold spin degenerate. [8] The first exciton peak (R-point exciton) in the absorption could therefore arise from a halide np to Pb 2+ 6p transition.
The photoluminescence excitation (PLE) spectra of the CsPbX 3 NCs are shown in Figure 1d displaying the PL intensity dependence on the excitation energy. The spectra closely follow the absorption spectra of the NCs overlapping with the strong features observed in the absorption (Supporting Information Figure S1 ). It can be seen that both the low and high energy ('hot') excited carriers are efficiently channeled to the emitting energy states of the NCs reflecting the high oscillator strength of the transitions. [8] Furthermore, the PL emission intensity significantly increases as the excitation energy is increased from the absorption edge and is accompanied by a small blue-shift. It is noted that the CsPbI 3 PL emission intensity is then reduced again at the highest excitation energies used (~300 nm). which may also occur for the other NCs in the spectral region beyond our measurement capability. The small blue shift at relatively high energy excitation is attributed to the size distribution of NCs which is directly correlated with the confined energy of the emissive state. For CsPbI 3 maximum PL intensity is observed when exciting at ~355 nm and ~460 nm corresponding to the higher energy states observed in the absorption spectra. At wavelengths below 340 nm the excitation energy (ℎ ) becomes greater than twice the CsPbI 3 bandgap ( ), the lowest threshold value for multiple exciton generation (MEG), which may be expected in CsPbX 3 NCs due to similar and small effective mass of the electron and hole. [4, 28] However, PLE spectra shows that the excess energy when exciting in this region is lost through non-radiative processes with reduced emission The lifetime of the both these NCs at room temperature have been measured previously [4, 8] and agree well with the reported values. The PL decay lifetime of the CsPbCl 3 NCs was found to be faster than our system response and could not be obtained.
The exciton-phonon interactions in CsPbX 3 NCs are examined by measuring their PL emission spectra over the temperature range T = 300 K to 5 K as shown in Figure 2c . Each spectrum was fitted using a Gaussian curve enabling the extraction of the FWHM and PL peak energy position.
The temperature dependent broadening of the PL is mainly due to lattice vibrations in a crystal that perturb the motions of electrons in different ways defined as the deformation potential, piezoelectric and the Fröhlich interaction. The deformation potential interaction is interpreted as the interaction of an electron with optical or acoustic phonons, as if crystal atoms are displaced from their equilibrium positions analogous to a homogenously strained crystal. Such an interaction can severely influence the electronic band structure. In crystals not having a center of symmetry the electric field induced by the strain may also lead to the interaction of acoustic phonons with electrons via the piezoelectric effect.
Unlike the strain induced interaction, the Fröhlich interaction is a Coulombic interaction, it describes the interaction of electron with longitudinal electric field created by LO phonon mode due to the displacement of oppositely charged out-of-phase atoms. [29] These interactions vary with temperature due to their dependence on the phonon population and consequently influence the PL emission. Within the first order perturbation theory the overall PL emission broadening of the lowest-lying 1S exciton state Γ( ) can be described by sum of three types of broadening contribution given by Segall's expression, [30] and in the case of the presence of any ionized impurities an additional term can be added [31, 32] to the expression to give:
where Γ ℎ is the inhomogeneous broadening constant which arises from scattering due to excitonexciton and crystal disorder, and is temperature independent. In the second term (Γ ) represents an exciton-acoustic phonon coupling coefficient, mainly relating to the deformation potential interaction which is linearly dependent on temperature. In the third term (Γ ) is the excitonlongitudinal optical phonon coupling coefficient or the Fröhlich coupling coefficient which is associated with the Bose-Einstein distribution of the LO phonons given as 1 (
Here is the energy of the LO phonons, k is Boltzmann's constant and T is the temperature. In the final impurity term (Γ ) is the linewidth arising due to scattering from fully ionized impurities which is governed by their average binding energy 〈 〉. The PL emission FWHM of the CsPbX 3 NCs are plotted in Figure 3a -c along with best fits obtained via least square fitting using the Equation (1).
The parameters derived via fitting are presented in Table 1 . The individual contribution to broadening arising from acoustic and optical phonons interactions and due to the presence of any impurity states is also plotted for each NC type (right axis). It can be seen that the FWHM has a significant temperature dependence implying strong exciton-phonon interactions in these NCs. This leads to wide thermal broadening of emission as the temperature is increased from 5 K to 300 K of ~33.53 meV, ~51.5 meV and ~34.96 meV for CsPbCl 3 , CsPbBr 3 and CsPbI 3 , respectively.
For CsPbCl 3 NCs the PL broadening is dominated by LO phonons in the high temperature regime followed by a crossover between the acoustic and LO phonons as the temperature is further decreased so that acoustic phonon interactions then govern the broadening, Figure 3a . For the majority of semiconductors [30] acoustic phonons typically dominate for T ≤ 80 K as the LO phonon population is significantly reduced in this temperature range. In semiconductors like GaN and ZnS, acoustic phonons solely contribute up until T~120 K, and a crossover between phonon contributions is observed at T ~220 K for GaN. [33, 34] Attempts to fit the CsPbBr 3 PL FWHM on the same basis did not provide a good fit, however setting ( = 0) yielded an LO phonon energy ~2.25 meV. This value is significantly smaller than previous reports for a wide variety of NC material systems and perovskites (~10-90 meV, Supporting Information Table 1 ) and results from the observed pseudo-linear behavior of the FWHM down to very low temperatures (~20 K). The inclusion of the impurity scattering term in Equation (2) enables a good fit with ( = 0), though addition of the acoustic term significantly improves fitting in the range of T≤ 50 K. Thus the fit for the entire temperature range can be obtained by including the acoustic contribution determined via fitting the low temperature (T≤ 50 K) regime.
This provides very good fit to the experimental data with coefficient of determination (R 2 >0.999) as shown in Figure 3b . We note that previously in bulk CsPbBr 3 a very similar pseudo-linear behavior of the FWHM has been observed from room temperature down to ~20 K and attributed to the presence of defect states that arise due to Pb +2 or Br -1 vacancies. [35] Others have reported that optimal growth conditions are required for each halide identity in perovskites and that they should be Pb +2 rich for Cl and Br and Pb +2 poor for I to avoid such vacancy defects. [36] With Br NCs laying between these two extremes it may be more susceptible to defect or impurity incorporation in non-optimal growth conditions. The presence of such states have a noticeable impact on PL broadening as seen in the either scatter within the same bound state (intraband) or with discrete excitonic states, and can also dissociate into free charge carriers. [37] These processes are governed by their respective exciton binding energies ( ) which are reported as (CsPbCl 3 ~75 meV, CsPbBr 3 ~40 meV and CsPbI 3 ~20 meV). 4 The higher value of for CsPbCl 3 indicates that the excitons are highly stable even at room temperature ( > > ). For CsPbBr 3 and CsPbI 3 is similar to thus the probability for their dissociation is not high, in particular at temperatures T < 300. It is interesting to compare the values of the parameters derived in these NCs with those of bulk CsPbX 3, (MA/FAPbX 3 ) [38, 39] and other semiconductors (Supporting Information Table 1 ). The LO phonon energies obtained for CsPbX 3 NCs are close to previously obtained reported values for bulk crystals [CsPbCl 3 (~43 meV and ~46.49 meV) [12, 40] ; CsPbBr 3 (~47.3 meV and 47.4 meV)] [35] obtained via PL and Raman studies, respectively.
These, phonon energies are significantly higher than found for hybrid perovskites (MAPbCl 3 ~27.9 meV, MAPbBr 3 /FAPbBr 3 ~15.3 meV and MA/FA-PbI 3 ~11.5 meV) [38, 39] The temperature dependence of the PL peak energy of CsPbX 3 NCs are shown in Figure 4a -c, displaying a red-shift with reducing temperature for CsPbBr 3 and CsPbI 3 NCs in agreement with studies of the bulk perovskites. [11, 12] The magnitude of the observed red-shift between 300 K and 5 K for the CsPbBr 3 and CsPbI 3 NCs is ~29.7 meV and ~49.6 meV at respective average rates of ~100 µeV/K and ~168 µeV/K. The PL of the CsPbCl 3 NCs displays a similar red-shift (~10 meV) as the temperature is reduced below 175 K (at a rate of ~58.82 µeV/K) though prior to reaching this temperature a similar magnitude blue-shift of ~7 meV is seen. This temperature dependent change from an initial blue-shift to a red-shift is attributed to a phase change in the crystal structure. Bulk CsPbCl 3 is known to undergo four structural phase changes within the temperature range of 330 K to 310 K, and a fifth phase change (loss of a center of symmetry) is reported to occur in the temperature range of T = 180 K -200 K. [41] [42] [43] Experiments repeated on different samples displayed similar behavior confirming that this is a temperature induced phase change corresponds to the change in PL peak energy (Supporting Information Figure S3 ). It implies that the NC structure plays a central role in determining the nature of the PL temperature dependence in these systems. Interestingly, the observation of the significant red-shift of the PL emission peak in CsPbX 3 NCs with decreasing temperature contrasts the behavior typically found in conventional semiconductors in which a blueshift is observed. Literature reports of such observation is limited to a small group of materials that includes black phosphorus, [44] bulk perovskites (CH 3 NH 3 PbX 3 , CsSnX 3 and CsPbX 3 ), [10, 12, 16, 45] lead salts (PbS, PbSe and PbTe) [46] [47] [48] and cuprous halides (CuCl, CuBr and CuI). [49] Over the past few decades the observed change in the bandgap energy with temperature have been modeled by using various empirical formulas such as the widely used Varshni model. [50] Several other models based on theoretical foundation have also been proposed by O'Donnell [51] and Pässler. [52] However, the anomalous temperature dependence of bandgap is still puzzling and therefore exploring novel materials that exhibit similar behavior is interesting and helpful in providing deeper insight.
Within the quasi-harmonic approximation, the overall change in the bandgap energy of a semiconductor with the change in temperature ( ) can be expressed as: [45] = ( ) ( ) + ∑ (
The first component in Equation (3), ( ) ( ), describes the contribution from the expansion of the lattice to the change in bandgap energy, given by the product of hydrostatic deformation potential ( ) for an expansion coefficient ( ). The expansion coefficient for a given semiconductor can either be positive or negative. For example, in cesium tin halide (CsSnX 3 ) it has been shown that the bandgap decreases with the lattice constant. [53] This then further decreases upon reduction of the sample temperature and dominates over electron-phonon interactions. [45, 53] The change in bandgap energy due to the electron-phonon interaction is described by the second perturbative component in the Equation (3). In practice, it is difficult to calculate the coefficient ( can be given by sum of the un-renormalized unperturbed band energy ( ⃗ ) and a perturbation as: [49] ( ⃗ ) = ( ⃗ ) + ∑ (
The second component in Equation (4) . Here, ℏ is the reduced Plank's constant, , ⃗ is the angular frequency of phonon mode, k is Boltzmann's constant and T is the temperature. The first term (
,⃗ ⃗ ) in the component represents Debye-Weller and Fan [56] (real part of self-energy) terms and the second term ( , ⃗ + 1 2 ) phonon occupation number. Both Debye-Weller and Fan terms arise from perturbation theory of up to second order. [57] The Debye-Weller term is related to the simultaneous interaction of an electron with two phonons in the branch having the wave vector which is calculated using first-order perturbation theory. The Fan term (self-energy) describes the interaction of an electron with one phonon (emission and re-absorption of one phonon or vice-versa). The selfenergy is a complex function with the real part describing the energy shift and the imaginary part describing the broadening (i.e. the FWHM) of the renormalized state. [58] The imaginary part of the self-energy vanishes at the uppermost valence band state and at the lowest conduction band state, which is typically observed as a sharp absorption or emission corresponding to those states at low temperatures. Equation (4) can be approximated to model the behavior for N = 2 phonon modes (acoustic and optical) of electron-phonon coupling energies of ( ,⃗ ⃗ ) represented by electron-phonon coupling coefficient and their atomic mass as: [49] 0 ( , ) = 0 + (
where, 0 is unrenormalized bandgap energy, and represent the relative weight of oscillators (or the electron-phonon coupling coefficients), and are the acoustic and optical phonon energies, and and are the atomic masses of the oscillator. Previously for CsSnI 3 perovskite it has been shown that contribution of acoustic and optical modes cancel out each other, [45] as such their bandgap energy decreases linearly with decrease in temperature and follows ( ) ( ), equation (3).
As seen in Figure 4b Within the framework of two-oscillator model, the bandgap renormalization at T= 0 K in CsPbX 3 NCs can thus be obtained as both the lattice constant and electron-phonon interactions vary as the inverse of square root of atomic mass of the constituent atom. [46, 49] The net bandgap renormalization due to zero-point motion can be obtained via extrapolation to T = 0 K. The renormalization due to zero point motion of Pb atoms is found to be ~3.7 meV and ~11.85 meV in CsPbBr 3 and CsPbI 3 respectively.
The corresponding renormalization due to the halogen atoms is ~ 45. 
Conclusions
To summarize, we have conducted an in-depth study to quantify exciton-phonon interactions in 
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